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Bilayer lipid membraneWe report the effects of ATP and Mg2+ on the activity of intracellular chloride channels. Mitochondrial and
lysosomal membrane vesicles isolated from rat hearts were incorporated into bilayer lipid membranes, and
single chloride channel currents were measured. The observed chloride channels (n=112) possessed a wide
variation in single channel parameters and sensitivities to ATP. ATP (0.5–2 mmol/l) modulated and/or
inhibited the chloride channel activities (n=38/112) in a concentration-dependent manner. The inhibition
effect was irreversible (n=5/93) or reversible (n=15/93). The non-hydrolysable ATP analogue AMP-PNP
had a similar inhibition effect as ATP, indicating that phosphorylation did not play a role in the ATP inhibition
effect. ATP modulated the gating properties of the channels (n=6/93), decreased the channels' open dwell
times and increased the gating transition rates. ATP (0.5–2 mmol/l) without the presence of Mg2+ decreased
the chloride channel current (n=12/14), whereas Mg2+ signiﬁcantly reversed the effect (n=4/4). We
suggest that ATP-intracellular chloride channel interactions and Mg2+ modulation of these interactions may
regulate different physiological and pathological processes.en, open probability of single
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The production of ATP through oxidative phosphorylation requires
a large electrochemical driving force for protons across the mito-
chondrial inner membrane. This implies that the mitochondrial inner
membrane should be generally impermeable to ions other than H+.
However, it has become clear in recent years that a variety of selective
and non-selective ion channels are present in the outer or inner
mitochondrial membranes [1–4].
Mitochondrial channels are involved in apoptosis. The Bcl-2 family
of proteins regulates apoptosis by controlling the release of
mitochondrial cytochrome c via the Bax/Bak channel. The activation
of Bax and Bak upon the induction of apoptosis involves their
oligomerisation (Bax oligomers up to hexamers), integration into the
mitochondrial membrane (Bax) and formation of non-selective
channels/lipidic pores or channels poorly selective for chloride [5–
9]. A mitochondrial apoptosis-induced channel (MAC) was found in
proteoliposomes prepared frommitochondrial outer membranes thatwere isolated from cells undergoing apoptosis [10]. This channel had
high conductance and multiple substates [11]. The Bcl-2 protein
family regulates apoptosis in part by controlling the formation of
MAC, which is a putative cytochrome c release channel induced early
in the intrinsic apoptotic pathway. MAC is preferentially associated
with oligomeric Bax. Both MAC and Bax have similar single channel
activities modiﬁed by cytochrome c [12]. The voltage-dependent
anion channel (VDAC), with homology to bacterial porins, forms an
outer mitochondrial membrane pore with a diameter of 2.5–3.0 nm.
The VDAC channel is partially anion-selective, allowing the passage of
ions and metabolites [1]. It plays a role in apoptotic mitochondrial
membrane permeabilisation by interacting with Bcl-2 family mem-
bers and is required for the pro-apoptotic activity of Bax in the
absence of Bak [13]. Bax and Bak have been shown to interact with
permeability transition pore (PTP), VDAC1, VDAC2 or adenine-
nucleotide translocator [14].
There have been reports of peripheral-type benzodiazepine
receptor localisation to the mitochondrial outer membrane and
anion channels in heart mitochondria mitoplasts blocked by ligands
ofmitochondrial benzodiazepine receptor [15,16]. A translocase of the
outer membrane of mitochondria (TOM) and its partner on the inner
membrane, TIM, can form large conductance channels [17]. Several
calcium, potassium and chloride channels have been observed in
inner mitochondrial membranes [1–4,18,19]. Mitochondrial Ca2+
uniporter [20], Ca2+ uptake (RaM) [21], PTP and calcium channel-
ryanodine receptors (RyR1) may participate in Ca2+ mitochondrial
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potassium channels, identiﬁed in the inner mitochondrial membrane,
have cytoprotective properties [3,23,24], in which regulation of the
mitochondrial ROS production might be involved [25].
Studies of mitochondrial swelling have revealed that an inner
mitochondrial membrane anion channel (IMAC) is active under
certain conditions. IMAC ﬂuxes of a wide variety of anions, ranging
from small singly charged ions, such as Cl−, to multi-charged anions,
such as citrate, superoxide anion or ATP, have been observed [26,27].
Using patch-clamp and bilayer lipid membrane methods, anion-
selective channels having several single channel properties have been
observed in the inner mitochondrial membrane [2,4,16,28–42]. The
most-studied channel is an anion-selective 108 pS channel, which has
been proposed to correspond to IMAC [34,35]. Several anion channels
having different single channels properties and modulation have also
been observed [29,33,36–39].
Recently, De Marchi et al. [40] characterised a “maxi”mtCl channel
in the inner membrane of mitochondria of a colon tumour cell line.
The channel was voltage-dependent, with a conductance of ∼400 pS
in the symmetrical 150 mmol/l KCl; this is almost half of the
conductance of the PTP. The ﬁrst intracellular chloride channel
localised to the mitochondria (CLIC4, or p64H1), incorporated in the
BLM, had low conductances and was poorly selective for Cl−/K+ [43].
Some mitochondrial transport proteins, such as the phosphate carrier
protein [44], the uncoupling protein from brown adipose tissue
mitochondria [45] or the pro-apoptotic Bax, have been reported to
form channels selective for chloride [46].
Despite numerous reports of mitochondrial chloride channel
properties, their molecular origins and functional signiﬁcances are
still not fully understood. It has been suggested that inner mitochon-
drial membrane anion channels are superoxide-permeable and areFig. 1. Representative traces from three experiments of the regular (A) and ragged (B) chlori
voltage was 0 mV. The lines on the left mark the closed state of the channels.responsible for the extrusion of superoxide anions from the
mitochondrial matrix [47–49]. Changes in ΔΨm, repetitive transient
depolarisations of a single mitochondrion, have been observed in
several types of cells [47,50]. A role of IMAC in the ΔΨm oscillations is
supported by observations that inhibitors of IMAC inhibited mito-
chondrial ΔΨm oscillations [47,49].
As a result of decreased blood ﬂow, cells in ischemic tissues are
depleted of oxygen andmetabolic nutrients and lose their capacity for
ATP production. Due to energy deprivation, destructive processes are
activated, culminating in cell injury and death [51,52]. Cell injuries
resulting from ATP depletion are mediated by multiple factors,
involving Ca2+ overload, the generation of free radicals and the
activation of hydrolytic enzymes [53,54]. However, the roles of
mitochondrial or other intracellular chloride channels in these
processes are not fully understood.
ATP has been reported to inﬂuence the function of anion (chloride)
channels. Ahern and Laver [55] described an ATP-dependent
inhibition of the 75–105 pS anion channel from the sarcoplasmic
reticulum of rabbit skeletal muscle. Ballarin and Sorgato [33] observed
an anion channel from yeast mitochondria that was blocked with ATP.
An ATP-induced inhibition of a plasma membrane CIC-1 chloride
channel was shown to be controlled by oxidation and reduction
[56,57].
Concentrations of Mg2+ and/or ATP may change or decrease
during several physiological and pathological processes, including
myocardial infarction and ischemia. However, the ATP–chloride
channel–Mg2+ interactions in these processes, particularly with the
involvement of heart intracellular chloride channels, are not fully
understood. Therefore, in the present work, we investigated the
inﬂuence of ATP and Mg2+ on the single channel properties of
mitochondrial and lysosomal chloride channels.de single channels. Effect of pH on the regular (C) and ragged (D) chloride channels. The
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2.1. Chemicals
Lipids were from Avanti Polar Lipids (Alabaster, AL, USA). Protease
inhibitors were from Roche Diagnostics GmbH (Mannheim,
Germany). All other chemicals were purchased from Sigma-Aldrich
(Germany). Stock solutions of ATP-Na2 or ADP–Na salt (100 mmol/l)
were prepared fresh each day and buffered with Tris (200 mmol/l) to
prevent a change of pH in the solutions after the ATP or ADP
application. Simultaneously with the application of ATP or ADP,
appropriate amounts of CaCl2 and MgCl2 were added to restore
constant concentrations of free Ca2+ and Mg2+. The free Ca2+, Mg2+
and ATP concentrations were calculated using the Winmaxc32
program. A 100-mmol/l stock solution of DIDS was made in DMSO.
The ﬁnal concentration of DMSO in solution was b0.1%.
2.2. Isolation of submitochondrial particles (membrane vesicles) from
crude and puriﬁed mitochondria
Crude preparation of rat heart mitochondria and submitochondrial
particles (inner membrane vesicles) from crude mitochondria were
isolated from the hearts of male Wistar rats [58–60] as described inFig. 2. Three opening levels of chloride current of the ragged channels (two experiments, a an
the channels. Histograms of the number of points (B) and observations (C) obtained from
amplitude histogram of every digitalised data point in the data ﬁle. The “number of observat
the number of observations means the number of channels.our previous study [37]. In brief, heart ventricles were immersed in
the ice cold isolation buffer (in mmol/l: 50 sucrose, 200 mannitol, 5
KH2PO4, 1 EGTA and 5 MOPS, plus 0.2% BSA (pH 7.3 adjusted with
KOH)); this was homogenised and centrifuged at 750 ×g for 15 min,
the supernatant was centrifuged at 7000 ×g for 10 min and the
resulting pellet was resuspended in the isolation buffer (in further
steps without EGTA and BSA) and immediately used for preparation of
inner membrane vesicles. The mitochondrial suspension was soni-
cated 8× for 15 s at 35 kHz on ice and then centrifuged at 10,000 ×g
for 10 min. The obtained supernatant was again centrifuged at
100,000 ×g for 30 min. The ﬁnal membrane pellet was resuspended
in a EGTA- and BSA-free isolation buffer, frozen in liquid N2 and stored
at −70 °C in small aliquots until use for reconstitution into a bilayer
lipid membrane (BLM). All procedures were performed at 4 °C, and
the buffers contained the protease inhibitors (in µmol/l) 1 leupeptin,
1 pepstatin, 1 aprotinin, 1000 benzamidine and 200 Pefabloc SC. Since
the crude mitochondria contained a signiﬁcant fraction of lysosomal
membranes [38], we assume that the vesicles isolated from the crude
mitochondria were derived from mitochondrial and lysosomal
membranes.
Percoll-puriﬁed rat heart mitochondria and submitochondrial
particles (membrane vesicles) from the puriﬁed mitochondria were
isolated from the crude mitochondria as described in our previousd b) at three different time resolutions (A). The lines on the left mark the closed state of
experiment a. The voltage was 0 mV. The “number of points” histogram shows an
ions” histogram shows an amplitude histogram of every channel in the data ﬁle, where
Fig. 3. Correlations between the reversal potential and conductance (A), the reversal potential and the single channel amplitude at 0 mV (B) and the open probability (P-open) and
the channel conductance (C) as well as the relationship between the open dwell time τ2 and the open probability (P-open) (D) of the regular chloride channel. The data (D) were
ﬁtted by a modiﬁed hyperbolic function, f=a−b/(1+c⁎x)^(1/d), a=0.956, b=1.34, c=0.127, d=0.466.
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Nutritive Administration of Slovak Republic.
2.3. Bilayer lipid membrane measurement
BLM was formed, and the single chloride current was measured
using a BC-525C ampliﬁer (Warner Instrument, Hamden, CT, USA),
ﬁltered at 1000 Hz and sampled at 4000 Hz, as described in [37]. The
composition of the solutions, when vesicles were isolated from the
crude mitochondria, were (buffer A in mmol/l): trans chamber: 50
KCl, 2 MgCl2, 0.4 CaCl2, 1 EGTA and 10/5 Hepes/Tris, 7.4 pH; and cis
chamber: 250 KCl, 2 MgCl2, 0.1 CaCl2 and 10/5 Hepes/Tris, 7.4 pH. The
composition of the solutions, when vesicles were isolated from the
Percoll-puriﬁed mitochondria, were (buffer B in mmol/l): trans
chamber: 50 KCl, 0.1 CaCl2, 0.3 EGTA and 10/5 Hepes/Tris, 7.4 pH;
and cis chamber: 250 KCl, 0.1 CaCl2, 0.3 EGTA and 10/5 Hepes/Tris, 7.4
pH. The membrane vesicles were added to the cis chamber. A KCl
gradient from 600 to 800 mmol/l cis versus 50 mmol/l transwas used
to facilitate the fusion of the vesicles into the BLM. After the fusion of
the vesicle, the osmotic gradient and excessive proteins were
removed by perfusion of the cis chamber. All of the voltages reported
here refer to the trans side, and the cis side was grounded. Under our
conditions, the positive current that increased with the application of
positive voltages meant a ﬂux of chloride anions from the cis to the
trans side.
ATP, ADP, adenosine 5′-(β,γ-imido) triphosphate tetralithium salt
(AMP-PNP) or 4, 4′-diisothiocyanatostilbene-2, 2′-disulfonic acid
disodium salt (DIDS) were added to the cis and/or trans chamber,followed by continuous stirring for 1 min. The channel conductance
and the reversal potential (Erev) were calculated from the current–
voltage relationship within the voltage range of ±30 mV. The time-
dependence of the single channel open probability (P-open) was
determined as the average of the 10-s records for 3 min and calculated
from the ratio of the (open time)/(total time) intervals. The open
dwell time was ﬁtted by a two-order exponential function, giving the
dwell times τ1 and τ2. A rough relative ionic selectivity Cl−/K+ was
calculated from the reversal potential Erev, neglecting the permeabil-
ities of the other ions, according to the modiﬁed GHK equation [61].
Channels having high non-regular conductances, non-stable baselines
and promiscuous channels were excluded from our experiments [41].
All procedures were carried out at 22–24 °C. Results from indepen-
dent experiments are expressed as means±standard deviations (SD),
except for the open probability (P-open) and the open dwell time τi,
which are expressed as medians and lower (Q1) and upper (Q3)
quartiles (Q1–Q3); n refers to the number of independent
experiments.
3. Results
3.1. Chloride channels derived from crude mitochondria vesicles
After the incorporation of vesicles into the BLM, we observed and
evaluated the chloride channels in 93 experiments. Some of the
channel behaviour appeared to be burst-like because periods of
silence separating periods of activity also occurred. Since the channels
had various single channel properties, they were divided into two
Fig. 4. (A) Voltage dependence of single chloride current at asymmetric 250/50 mmol/
l KCl (circles) and symmetric 250 mmol/l KCl (triangles; 173 pS), and (B) voltage
dependence of P-open at symmetric 250 mmol/l KCl (n=2, mean±SD).
Table 1
Single channel properties of ragged chloride channels.
G [pS] Erev [mV] I0mV [pA] P-open τ1 [ms] τ2 [ms]
1 99 −16 1.7 0.218 1.0 3.6
2 93 −19 2.0 0.614 1.9 7.7
3 88 −17 1.3 0.491 0.6 2.6
4 105 −19 2.2 0.428 1.1 3.9
5 95 −28 2.7 0.581 1.5 5.4
6 92 −20 1.7 0.285 1.8 4.0
G— conductance, Erev— reversal potential obtained from I–V curve within the ±20 mV,
I0mV— single chloride channel current measured at 0 mV, P-open— open probability of
ragged chloride channels, τ1 and τ2 — open dwell times of ragged chloride channels
ﬁtted by two-order exponential function.
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(observed in 71/93 experiments) and the ragged chloride channels
(observed in 22/93 experiments). We deﬁned the regular chloride
channels as the channels having stable and constant open and closed
levels and chloride currents in the voltage range from −20 to
+20 mV. We deﬁned the ragged chloride channels as the high
ﬂickering channels with stable baselines but not having stable and
constant open levels and chloride currents in the voltage range from
−30 to+30 mV. The comparison of the single channel currents of the
regular and ragged chloride channels is shown in Fig. 1. We observed
that the regular channels were blocked by the application of HCl to the
cis side (n=10/11), which decreased the pH from 7.4 to 5.8 (Fig. 1C).
On the other hand, the non-regular channels were not blocked by
decreasing the pH from 7.4 to 5.8 (n=2/2) (Fig. 1D). The ragged
channels had one to three current opening levels. Two or three
opening levels of the ragged channels and current substates were
observed in 12/22 experiments, and 1 opening level was seen in 6/22
experiments. In 4/22 experiments the substates were not observed.
An example of 2 experiments of the opening of the ragged channels
into three levels and at 3 resolutions is shown in Fig. 2. The 3 open
levels were clearly seen at the low time resolution; however, at the
high resolution, non-constant open levels were observed (Fig. 2A).
From the experimental data of the “a” experiment (Fig. 2A), we
evaluated points and observations histograms (Fig. 2B and C). The 3
levels of openings are evident from the histograms.
The single channel properties of the regular channels were
evaluated from 57 experiments. From the I–V relationship (at the
voltages ±20 mV or ±30 mV), the conductance and Erev were
calculated. The mean conductance was G=117±31 pS, and the
reversal potential was Erev=−20±5 mV (n=57). However, the
ranges of G and Erev were wide: G ranged from 62 pS to 220 pS, and
Erev ranged from −10 mV to −32 mV. There was no correlation
between Erev and the channel conductance (r=0.253, P=0.0618,
Fig. 3A). The single channel currents, measured at 0 mV, were mostly
in the range of 1.3–3.6 pA, withmean i0=2.3±0.8 pA (Fig. 3B). There
was no correlation between the chloride current and the channel
conductance (data not shown), but a correlation was observed
between the Erev and the channel amplitude (r=−0.741, Pb0.0001,
Fig. 3B). The median P-open of the regular channels was 0.893
(0.8252–0.931). Therewas no correlation between the P-open and the
channel conductance (r=0.247, P=0.1089, Fig. 3C).
The open dwell time of the regular channels also had a
heterogeneous distribution. The dwell time distribution of the single
channel was ﬁtted by the second-order exponential function, giving
two characteristic open dwell times of τ1 and τ2. The channels had
different open dwell time distributions. Themedian open dwell times,
τ1 and τ2, of the regular chloride channels were 2 ms (1.35–5) and
23 ms (17–39), respectively. There was no correlation between the
mean open time τ1 and the channel conductance (data not shown),
but there was a hyperbolic relationship between τ2 and P-open
(Fig. 3D). The voltage dependence of the single chloride current and P-
open of regular channels at symmetric 250 mmol/l KCl showed slight
rectiﬁcation at b−40 mV, but P-open decreased signiﬁcantly with
negative voltages (Fig. 4).
The single channel properties of the ragged channels obtained
from 6/93 experiments, in which only one chloride channel was
observed, were also heterogeneous. These chloride channels, in
comparison to the regular channels, had lower P-open, conductance
and Erev and shorter open dwell times (Table 1).
3.1.1. ATP effects on chloride channels
We observed four different effects of ATP on the chloride channels:
(1) it reversibly or (2) irreversibly blocked the channels, (3) it
modulated their gating kinetics or (4) it did not have an effect. An
example of the reversible blocking effect of ATP is shown in Fig. 5. ATP
(0.5 mmol/l) inhibited the channel activity (Fig. 5A). The inhibitoryeffect of ATP on P-open was time-dependent (Fig. 5B). ATP (0.5-
2 mmol/l) inhibited the single channel activity of regular (n=13/71)
and ragged chloride channels (n=11/22) (Fig. 5C). The mean
conductance of the inhibited channels was 114±44 pS, Erev=−19
±3 mV (n=24/93) and the calculated average permeability ratio
was Cl−/K+=3.3.
The ATP inhibition effect was reversible in 7/10 of the regular and
8/10 of the ragged chloride channels. The single channel properties of
the reversibly (n=15/93) and irreversibly (5/93) inhibited chloride
channels varied and were comparable with the chloride channels not
affected by ATP (Figs. 3A and 5C). ATP (0.5–2 mmol/l) decreased the
single channel amplitude by 10–30% (data not shown). The side
dependence of the ATP reversible inhibition effects was studied on the
same regular chloride channels. ATP (0.5–2 mmol/l) inhibited the
channels from the one side of BLM (cis) and not from the other side in
5/5 experiments. From this, we assumed that most of the channels
Fig. 5. Effect of ATP on the single chloride channel current. The application of ATP (0.5 mmol/l) to the cis side of BLMwas followed by a cis reperfusion. The voltagewas 0 mV. The lines on
the left mark the closed state of the channels (A). Time-dependence of the inhibitory effect of ATP (0.5 mmol/l) on the single chloride channel open probability (P-open) (B). Correlation
between the reversal potential and the conductance of the channels inﬂuenced by ATP (C); regular (full circles) and ragged (open circles) chloride channels inhibited by ATP, and the
chloride channels for which the gating dynamics was inﬂuenced by ATP (triangles).
1305V. Kominkova et al. / Biochimica et Biophysica Acta 1797 (2010) 1300–1312were oriented in the same direction in the BLM. Because the
concentration-dependent inhibitory effect of ATP varied signiﬁcantly
among different chloride channels, the concentration-dependence
curve of inhibition was very scattered. Therefore, we use the concept
that the channels were modulated or inhibited within a range of ATP
concentrations.
In order to investigate whether phosphorylation of the chloride
channels was involved in the effect of ATP, a non-hydrolysable ATP,
AMP-PNP, was used. During the procedure, after the inhibitory effect
of ATP, the ATPwas removed by perfusion of the cis solution and AMP-
PNP was applied on the same chloride channel. In some experiments,
after the inhibitory effect of AMP-PNP, the AMP-PNP was removed by
perfusion and ATP was applied. An example is shown in Fig. 6. The
application of 0.5–1 mmol/l AMP-PNP reversibly inhibited the
chloride channel. After the AMP-PNP was removed by reperfusion, a
subsequent application of 0.5–1 mmol/l ATP to the same channel
caused its reversible inhibition. In 5/8 experiments, neither ATP nor
AMP-PNP inﬂuenced the activity of the chloride channels. However, in
3/8 experiments, ATP and AMP-PNP reversibly inhibited the same
chloride channels.
In order to investigatewhether the reversible inhibitory effect of ATP
is speciﬁc, the effect of ADP on the same chloride channels was
investigated in comparison. During the procedure, after observing the
inhibitory effect of ATP, the ATP was removed by perfusion of the cis
solution and ADP was applied on the same chloride channel. In 2/2
experiments, an application of 0.5–2 mmol/l ATP reversibly inhibited
the regular chloride channel, but subsequent application of ADP to thesamechannel did not inhibit it (Fig. 7). ATP reversibly decreased P-open,
but ADP did not (Fig. 7B and C). ATP slightly decreased the single
channel amplitude,whereasADPhad apronounced effect on it (Fig. 7A).
ADP (2 mmol/l) decreased the single channel amplitude to 36.0±2.5%
(n=2). In 2/2 experiments, ATP blocked ragged chloride channels, and
subsequent application of ADP had the same inhibitory effect as ATP
(data not shown).
In 6/93 experiments, ATP (0.5–2 mmol/l) increased the gating
transition rate of the chloride channels. Fig. 8A shows representative
single channel current traces before and after the application of ATP
and 100 µmol/l DIDS to the cis side of the BLM. The chloride channel
blocker DIDS blocked the channel inﬂuenced by ATP. The addition of
2 mmol/l ATP to the cis side decreased the channel open dwell time,
τ2, to 12 (10–18) ms but did not affect the τ1 value (Fig. 8B). The P-
open of the chloride channels (with changed kinetics) was in the
range of 0.85–0.95 under control conditions, and it slightly decreased
by 11±5% after the application of 2 mmol/l ATP (data not shown).
The application of 2 mmol/l ATP decreased the single channel current
by 20% (Fig. 8C). Those channels that were dynamically inﬂuenced by
ATP had a mean conductance of 120±11 pS, a single channel chloride
current of 3.7±0.4 pA at 0 mV, Erev=−31±2 mV (Fig. 5C) and a
calculated average permeability ratio of Cl−/K+=9.5. The Erev values
and the permeability ratio, Cl−/K+, for the channels dynamically
modiﬁed by ATP were signiﬁcantly higher than for the channels
inhibited by ATP.
DIDS, an inhibitor of chloride channels, was applied on the channels
that were reversibly blocked and dynamicallymodiﬁed by ATP, and this
Fig. 6. Effects of AMP-PNP and ATP on the single chloride channel current. Therewas an application of AMP-PNP to the cis side of BLM at 0.5 and 1 mmol/l concentrations, followed by
a cis reperfusion, and an application of ATP to the cis side of BLM at 0.5 and 1 mmol/l concentrations, followed by a cis reperfusion. The voltage was 0 mV. The lines on the left mark
the closed state of the channels (A). Time-dependence of the inhibitory effect of AMP-PNP and ATP (0.5 and 1 mmol/l) on the single chloride channel open probability (P-open) (B).
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channel. DIDS (100 µmol/l) inhibited the channels from the cis side
within 2–5 min. The inhibitory effect was irreversible.
3.2. Chloride channels derived from Percoll-puriﬁed
mitochondria vesicles
To study the effects of Mg2+ on ATP-modulated chloride channels,
the single channel properties were measured in the absence of Mg2+
and in the symmetrical ∼40 nmol/l Ca2+ (buffer B). The channels,
observed in 19 experiments, had various single channel properties
similar to those observed for the channels derived from vesicles
isolated from crude mitochondria. Some of the channel behaviour
appeared to be burst-like, with periods of silence separating periods of
activity (10/19). The conductance (130±27 pS) and Erev (−27
±7 mV) of the chloride channels varied from 68 pS to 164 pS and
from −16 mV to −38 mV, respectively. The experimentally mea-
sured current amplitude at 0 mV was i0=3.09±0.8 pA. The channel
activity was characterised by the median open probability of P-
open=0.538 (0.231–0.716). The open dwell time distribution was
best ﬁtted with a second-order exponential function, resulting in two
open dwell times, τ1=1.1 ms (0.76–1.74) and τ2=2.8 ms (1.98–3.7).
3.2.1. Effects of ATP and Mg2+ on chloride channels
Na2ATP (0.5–2 mmol/l) inhibited the chloride channels by:
decreasing the single channel current and the channel conductivity
(12/14); decreasing the single channel current and decreasing P-open
(4/14); and decreasing the single channel current and subsequently
blocking the channels (4/14) (Figs. 9, 10). The intensity of the Na2ATP
effect to decrease the channel current varied among the channels. The
effect was reversible and side- and voltage-dependent (Figs. 9, 10).The reversibility and side dependence of the ATP effect are shown in
Fig. 9. An addition of 0.5–2 mmol/l of Na2ATP to the cis side decreased
the current, and, after the cis perfusion, the current returned to the
original value; subsequent addition of ATP to the trans side was more
effective at decreasing the current than that from the cis side. An
addition of 0.5–2 mmol/l of ATP to the cis side slightly increased the
current, but subsequent addition to the trans side pronouncedly
decreased the current (data not shown). Na2ATP (2 mmol/l)
decreased the single channel amplitude to 62±11% (n=9) and to
38±11% (n=4) at 0 mV and +30 mV, respectively.
In the experiments when solutions contained 2 mmol/l MgCl2,
ATP decreased the current by 10–30% only (Figs. 5 and 8). Therefore,
we studied the effects of MgCl2 on the ATP-induced current decrease.
ATP (2 mmol/l) decreased the channel current, and the effect was
voltage-dependent. The I–V relationship of the control channel
without ATP was linear in the range from 0 mV to +30 mV
(Fig. 10). However, in the presence of 2 mmol/l ATP at the cis side,
the I–V became hyperbolic, whichmeans that the ATP inhibition effect
increasedwith increasing positive voltage. MgCl2 (2 and 5 mmol/l), in
a concentration-dependent manner, signiﬁcantly reversed the ATP
effect. Upon increasing the concentration of Mg2+, the I–V relation-
ship was less hyperbolic (Fig. 10).
4. Discussion
4.1. Origin and single channel properties of the chloride channels
The isolationweused for crudemitochondria also contained, besides
mitochondrial membranes, lysosomal membranes and possibly mem-
branes from peroxisomes and endosomes having similar density as
mitochondria [38]. Each of the other membrane contaminations (i.e.,
Fig. 7. Effects of ATP and ADP on the regular single chloride channel current. There was an application of ATP to the cis side of BLM at 0.5 and 2 mmol/l concentrations, followed by a cis
reperfusion, and an application of ADP to the cis side of BLM at 0.5 and 2 mmol/l concentrations, followed by a cis reperfusion. The voltage was 0 mV. The lines on the left mark the closed
state of the channels (A). Time-dependence of the inhibitory effect of ATP (B) and ADP (C) at 0.5–2 mmol/l concentrations on the single chloride channel open probability (P-open).
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was less than2.2% [38]. Themitochondria isolated at thePercoll gradient
had no detectable band of lysosomalmarkers in a western blot [38].We
may assume that most of the observed chloride channels were from
mitochondria. However, the purity of the vesicle preparation is critical,
as vesicles fromdifferentmembranesmayhavedifferentprobabilities of
fusing into BLMs. So, a minor contamination of the vesicles having high
fusion probabilities may misrepresent the channel data. Therefore, we
cannot exclude thepossible contaminationof themitochondrial vesicles
from other membranes.
The observed chloride channels had a broad range of single channel
behaviour and parameters. We cannot explain these variations due to
the limited knowledge of mitochondrial chloride channels, as the
molecular identities of these channels are unknown. It may be assumed
that the observed channels permeable for Cl−/K+N1 and having gating
properties belong to at least three different categories of proteins. First,
some of the observed chloride channels that develop naturally for
purposes completely distinct from ion transport may accidentally
exhibit channel properties. An example may be the TOM–TIM complex
[62]. The second “category”would reﬂect proteins with a distinct main
physiological function but an auxiliary function of, e.g., a chloride
channel. Some of the membrane carriers may belong to this category
[44,45]. The third category comprises the already annotated genes with
chloride channel properties. However, the single channel properties of
the third category channels in our experimental conditions are not
known. Only two chloride channels have been reported so far to bepresent in mitochondria. The chloride channel, isolated from tobacco,
belonged to the voltage-dependent chloride channel (ClC) family, ClC-
Nt. It was enriched in plant mitochondrial membranes [63]. The ﬁrst
intracellular chloride channel identiﬁed, known alternately asmtCLIC or
CLIC4 (p64H1, or p64 homologue 1), was localised to the mitochondria
[64]. Puriﬁed recombinant mammalian CLIC4 protein in BLMs formed
poorly selective, redox-regulated ion channels [43]. Under oxidising and
reducing conditions and in 500/50 mmol/l KCl solutions, the channels
had conductances of 8.9. pS (Cl−/K+=1.4) and 14.8 pS (Cl−/K+=1.5),
respectively. These channels also displayed several substates [43]. Since
possible multi-oligomerisation or coupling of the CLIC4 channels is
unknown, we cannot address the possible connection between the
observed chloride channels and CLIC4. Our observed chloride channels
had a conductance higher than that for CLIC4 and higher than those of
some of the reported chloride channels from cardiac mitoplasts, liver
and yeastmitochondria [31–33,43]. The single channel properties of the
chloride channels observed in our study were different from the
reported VDAC, which has a very high conductance (N1 nS) and a poor
Cl−/K+ selectivity (∼b2) and closes to lower conducting states when
either positive or negative potential is applied [65]. We did not observe
high subconductance jumps of the regular or ragged chloride current, as
was reported for VDAC. Our observed chloride channels had a higher
conductance than some of the reported chloride channels from cardiac
mitoplasts, liver and yeast mitochondria [31–33].
In numerous studies, the 108 pS channel (at symmetrical
150 mmol/l KCl) has been detected in mitochondria in patch-clamp
Fig. 8.Modulation of mitochondrial chloride channel kinetics by ATP. (A) Representative recordings of single chloride channel current under control conditions and after the addition
of ATP (0.5–2 mmol/l) to the cis side followed by the inhibitory effect of 100 µmol/l DIDS. (B) Open dwell time histogram of the single chloride channel before (dashed line;
τ1=4 ms, τ2=22 ms) and after the application of 2 mmol/l ATP (full line; τ1=2 ms, τ2=2 ms). (C) Single channel current amplitude histogram before (dashed line) and after the
application of 1 mmol/l ATP (full line; leak current was not subtracted). After the application of ATP, the data points were collected for a longer time than in the case before ATP
application.
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30,34,35,66]. The channel has been proposed to correspond to IMAC.
The mean conductances of our observed channels were obtained at
asymmetric 250/50 KCl. In two experiments, the conductance of
173 pSwas obtained at the symmetrical 250 mmol/l KCl (Fig. 4). From
this value, we estimated a conductance of 104 pS for symmetrical
150 mmol/l KCl, which is similar to that found for IMAC. Our observed
regular channels were inhibited by low pH, as were IMAC and
tributyltin [37], which is one of the speciﬁc inhibitors of IMAC [67].
Therefore, we assume that most of the observed channels in our study
could originate from inner mitochondrial membranes and correspond
to IMAC. However, in our study, the chloride channels were observed
in the solutions containing MgCl2, which blocks the IMAC channel
[26]. More studies are needed to clarify this observation.
The differences between the observed regular and ragged and
the reported promiscuous [41] intracellular chloride channels
indicate that there are at least three main groups of proteins
permeable for chloride in mitochondrial membranes. One groupwith classical single channel properties is probably the group of
regular chloride channel proteins.
The ragged and promiscuous groups of chloride channels may
involve proteins that pass chloride under speciﬁc conditions, as, for
example, mitochondrial carriers or BAX [5,44,45,68]. Compared to the
regular chloride channels, the ragged chloride channels had lower P-
open values, shorter open dwell time, lower Erev values, lower Cl−/K+
selectivity and pronounced ﬂickering. The mitochondria of eukaryotes
contain typically between 35 and 55 different carriers [69]. Some of
themhavebeen reported to formchloride channels [44,45,68]. Reported
homodimers and the three-fold symmetry of mitochondrial carriers in
the inner mitochondrial membrane as well as the homotrimer
symmetry of the CLIC4 chloride channel [69–74] might be connected
with the observed three-level channels (Fig. 2). Mitochondrial proteins
that are ready to pass chloride at different mitochondrial functions, as
pro-apoptotic BAX forming different oligomeric structures [5,6] or
cooperative channel coupling, may contribute to the channel diversity
as found for RyR calcium channels [75].
Fig. 9. (A) Single chloride channel current under control conditions and after the addition of ATP (2 mmol/l) to the cis side followed by the reperfusion of the cis side and the
subsequent addition of 2 mmol/l ATP to the trans side (channel conductance 140 pS, Erev=∼−40 mV, Cl−/K+=∼98). (B) Number of observations versus the single channel
amplitude of the current traces of the selected current intervals in which the channel was open at different Na2ATP concentrations in trans (Control — full line; 0.5, 1 and 2 mmol/
l Na2ATP are the short dash line, dash-dot line and dotted line, respectively). (C) Single channel amplitude at different Na2ATP concentrations in the cis and trans solutions.
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The main observation of our study is that ATP, within a
physiological range of concentrations, reversibly interacted with
intracellular chloride channels, modiﬁed their single channel proper-
ties and had effects that were modulated by Mg2+. Concerning the
regular channels, the reversible inhibition effect of ATP was side-
dependent, similarly to that found for other compounds in our
previous studies. The chloride channel blockers DIDS, 5-nitro-2-
(phenylpropylamino)-benzoate (NPPB) and 2′,4′,6′-trihydroxy-3-(4-
hydroxyphenyl (phloretin) and 5.8 pH inhibited most of the channels
from the cis side, similarly to ATP, whereas bongkrekic acid (BKA),
atractyloside (ATR), carboxyatractyloside (CAT) and H2S/HS− inhib-
ited the channels from the opposite trans side of the BLM [37,38,42].
The side-dependent effect of ATP suggests the physiological or
pathological signiﬁcance of the interaction.
There are a few studies of ATP effects on intracellular chloride
channels. ATP was reported to inhibit an anion channel current in
brown fat mitochondria [30], where the effect of ATP was similar to
the effect of ADP and was partly reversible. The anion 45 pS channel
from yeast mitochondria was blocked by ATP [33]. ATP inhibited the
Ca2+-activated anion channel in the sarcoplasmic reticulum of
skeletal muscle [55].
We observed that the interactions of ATP with intracellular
chloride channels were very complex. From the similar reversible
inhibitory effects of ATP and AMP-PNP, it may be suggested that the
ATP effect is independent of channel phosphorylation andmight occurat an adenine-nucleotide binding site. In the case of regular chloride
channels, we observed that ATP and ADP interacted differently with
these channels, whichmay indicate different binding sites for ATP and
ADP. However, in the case of the two ragged chloride channels
studied, in which ATP and ADP blocked the same channels, the
conclusion about the binding sites is not clear. The side-dependent,
reversible inhibitory effect of ATP on the same regular chloride
channels may indicate that the ATP binding site was accessible from
one side of the channel only. However, in the case of the ragged
channels reversibly inhibited by ATP, the conclusion about the
binding sites is unclear. A few chloride channels were irreversibly
blocked by ATP. In this case, we may suppose that there are other
factors that complementarily contribute to the effect and might be
responsible for the irreversible block.
We observed that ATP increased the gating transition rates of some
of the regular chloride channels, which had different single channel
properties in comparison to the channels inhibited by ATP. It may be
supposed that these channels have different molecular identities than
the channels blocked by ATP. However, their molecular identities and
their physiological role within the interaction are not known.
In the solutions without MgCl2, ATP decreased the single chloride
channel current and likewise its conductivity, whereas Mg2+
signiﬁcantly reversed this effect. These results indicate that ATP
interacts with the chloride channels, and Mg2+ may interact with the
channels and/or with ATP. Since the molecular identity of the
observed channels is unknown, the ATP or Mg2+ binding sites cannot
be evaluated.Wemay speculate that the negatively charged ATP binds
Fig. 10. (A) Single chloride channel current under control conditions and after the addition of ATP (2 mmol/l) to the cis side followed by the addition of MgCl2 (2 and 5 mmol/l) to
the cis side, measured at +30 mV (channel conductance 111 pS, Erev=−28 mV, Cl−/K+=6.9). (B) I–V relationship of the control channel (open cycles), 2 mmol/l ATP (cis) (full
circles) and after the addition of 2 mmol/l (triangles) and 5 mmol/l (squares) MgCl2 to the cis side where the 2 mmol/l of ATP was present.
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excluding binding to or very close to a permeable pore and therefore
partially obstructing the passage of chloride ions. After the addition of
Mg2+, the ATP formedMgATP, pulling ATP out of the assumed binding
site or pore. Mg2+ may bind to negatively charged sides, thus
inﬂuencing the structure of the channel and/or ATP binding sites. The
increased ATP inhibition effect on the channel current at the increased
positive voltages (trans minus cis) may indicate that negatively
charged ATP was additionally “attached” into a binding site by
electrical force and that the ATP-channel interaction is voltage-
dependent. However, since ATP binds strongly to Mg2+, there is a
possibility that the binding sites of ATP are different than the binding
sites of MgATP, resulting in the changes of the channel structure.
4.3. Functional signiﬁcances of the mitochondrial chloride channels
The magnesium ion, Mg2+, is an important divalent cation in cells,
modulating numerous protein functions including the activities of
channels or ATP-related reactions [76–80]. Some diseases, as Parkin-
son's disease [81], hypertension [82] or diabetes [83], are also related to
changes of Mg2+ concentration. It has been suggested that mitochon-
dria serve as the intracellular Mg2+ store, accumulating and/or
releasing Mg2+ and that mitochondrial depolarisation triggers Mg2+
release from mitochondria [84–87]. We may assume that the MgATP–
chloride channel interactions observed in our study play a role in these
processes.
The result that ATP reversibly blocked some chloride channels
indicates that these channels are blocked at physiological ATP and
that they are activated when the ATP concentration decreases.
Chloride channels are involved in many physiological and patholog-
ical processes including heartbeat, ischemia, myocardial infarction
and in the intrinsic mitochondrial apoptotic pathway [2–4,38,88]. The
concentration of ATP decreases in many physiological and patholog-
ical processes where tissues are depleted of oxygen or metabolicnutrients [51–54]. In these processes, the ATP–chloride channel
interactions observed in our study may play a role.
It has been suggested that IMAC is involved in the repetitive
transient depolarisations of a single mitochondrion, in which
reactive oxygen species (ROS) induce the opening of IMAC
[47,48,89] and mitochondrial membrane depolarisation is related
to ATP depletion [90]. A decrease in ATP production has been
implied with increases in ROS and apoptosis [91], and chloride
channel blockers have been shown to inhibit apoptosis, including a
ROS-dependent apoptosis [92,93]. From this, we may speculate that
the decrease in ATP concentration may activate mitochondrial
chloride channels, thereby decreasing the membrane potential,
activating the efﬂux of superoxide anion from the matrix and
modulating apoptosis.
Generally, the functional signiﬁcance of mitochondrial chloride
channels or proteins functioning as chloride channels in certain
conditions is still mostly unknown. Some inner mitochondrial
membrane carriers, as IMAC, VDAC or BAX, can function as membrane
channels passing chloride. Since these proteins are involved in
apoptosis, inner membrane potential regulation, superoxide release
or mitochondrial morphogenesis [89,94–96], the signiﬁcance and
details of their function as chloride channels should be the focus of
further studies.
In conclusion, the observed results suggest the following: mito-
chondrialmembranes and/or intracellularmembranes containdifferent
types of chloride channels that are distinctly inﬂuenced by ATP, and the
ATP–chloride channel interaction was modulated by Mg2+ ions, which
may regulate physiological and pathological processes.Acknowledgements
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